Intrauterine adhesions (IUAs) are one of the most common reproductive system diseases in women worldwide. Emerging evidence has demonstrated that the upregulation or downregulation of genes plays an important role in IUAs. The aim of this study was to evaluate the role of NUS1 in IUAs in a rat model.
Background
Intrauterine adhesions (IUAs), also acquainted as Asherman syndrome (AS), arise most frequently following infection or trauma [1] . It results in amenorrhea, infertility, and various complications of pregnancy, including preterm premature rupture of membranes, malpresentation, and placental abruption [2, 3] . In addition, IUAs can potentially impair the blood supply to the uterus and early fetus [4, 5] . These clinical symptoms are associated with major health concerns, particularly for women of childbearing age. In recent years, IUAs has become the second most common cause of female infertility due to the increasing use of uterine cavity surgery [6] . Although it is widely accepted that the disease is caused by acute inflammatory and dysregulation of transcription factors [7, 8] , the precise pathological mechanisms involved remain unclear.
MicroRNAs (miRNAs) are a family of small, endogenous, noncoding, single RNA molecules composed of 18-22 nucleotides (nt) that post-transcriptionally regulate gene expression by directly binding to the 3'untranslated region (UTR) of their target mRNA [9, 10] . Accumulating evidence has indicated that dysregulation of miRNAs is involved in IUAs. For example, the miR-1291 level was significantly increased in endometrium affected by IUAs. miR-1291 promoted endometrial fibrosis by regulating the ArhGAP29-RhoA/ROCK1 signaling pathway in a murine model [11] . In addition, miR-29b inhibited endometrial fibrosis by regulating the Sp1-TGF-b1/Smad-CTGF axis in a rat model [12] . miR-466 is down-regulated and functions as a suppressor gene in many diseases, including osteosarcoma [13] , colorectal cancer [14] , and prostate cancer [15] . However, the role and mechanism of miR-466 in IUAs are unknown. NUS1, also known as NgBR, is a transmembrane receptor protein that has been identified as a Nogo-B-binding protein and is essential for the Nogo-B-mediated chemotaxis of endothelial cells [16] . Recently, Zhao et al. reported that NUS1 knockdown resulted in decrease of epithelial-mesenchymal transition (EMT) in MDA-MB-231 cells. Furthermore, they demonstrated that NUS1 knockdown significantly inhibited the TGF-b-induced EMT process and staining of E-cadherin protein, as well as the decreased expression of vimentin in MCF-7 cells [17] . However, the roles of NUS1 and NUS1-mediated signaling pathway in IUAs are still unclear.
In this study, we revealed that NUS1 was upregulated in IUAs tissues and the high expression of NUS1 was positively related to the severity of IUAs. In addition, we identified that NUS1 functioned as a target of miR-466 and played a stimulative role by regulating the AKT/NFkB pathway. In conclusion, our data suggest that NUS1 upregulation by miR-466 knockdown contributes to the proliferation and EMT process in IUAs through the AKT/NFkB pathway.
Material and Methods

Patient samples
Intrauterine adhesions and control tissues were collected between December 2017 and April 2018 from Taian City Central Hospital, Shandong, China. Twenty-five women with intrauterine adhesions were diagnosed by hysteroscopy and further confirmed by pathology. The r-AFS intrauterine adhesion score standard was used for disease stage (8 were mild stage, 10 were moderate stage, and 7 were severe stage). Endometrial tissues were obtained by scraping the endometrium with a uterine curette during hysteroscopic procedure from the adhesion sites of IUA and the control patients. Cases selected were all women of reproductive age (women aged £40 years). Twenty-five normal endometrial tissues from patients without IUA and uterine septum who received hysteroscopy due to male infertility or other factors in the same period were used as controls. Written informed consent was obtained from all patients, and the study protocols were approved by the Institutional Ethics Committee of Taian City Central Hospital.
RT-qPCR assay
Total RNAs were extracted using TRIzol reagent (Invitrogen Inc., Carlsbad, CA, USA) and the reverse transcription reactions were performed using an RT Kit (Qiagen GmbH, Hilden, Germany). Relative mRNAs and miR-466 levels were evaluated by real-time quantitative PCR with SYBR Green Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) using a Biosystems7500 (Invitrogen; Thermo Fisher Scientific, Inc.). The PCR conditions consisted of 4 min at 94°C for 1 cycle,
RT-qPCR primers
Primer sequence (5'-3') 
IHC staining
IHC was performed as previously described using anti-NUS1 antibody (1: 200; Abcam, Cambridge, MA, USA) [18] . HE staining was performed as previously described [19] . For HE staining, the slides were first deparaffinized and rehydrated, and then stained with hematoxylin and eosin (HE).
Uterine inflammation rat model
This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Ethics Committee of Taian City Central Hospital. Female rats weighting 260-280 g were purchased from CAMS (Chinese Academy of Medical Sciences, Shanghai, China). The model was performed as previously described [7] .
Bioinformatics prediction for target genes
The target genes of miR-466 were predicted using online software, including miRNA.org and TargetScan 7.1.
EGFP reporter assay
Cells were seeded in 48-well plates 1 day before transfection, and then co-transfected with pri-miR-466 or Anti-miR-466 and pEGFP-NUS1 3'UTR, pEGFP-NUS13'UTR mut. The vector pDsRed2-N1 (Clontech, 632406), which expresses RFP, was included for transfection normalization. After transfection for 48 h, the cells were lysed using radio-immunoprecipitation assay (RIPA) lysis buffer (Sigma, R0278), and the EGFP and RFP intensities were measured with a fluorescence spectrophotometer (Hitachi, F4500).
MTT assay
H8 and End1/E6E7 cells were seeded in 96-well plates at 5000 cells per well 1 day prior to transfection. Cell viability was determined by MTT assay. Then, 10 µl of 5mg/ml MTT (Sigma, 298931) was added and incubated for 6 h. The medium was aspirated and MTT was dissolved in 100 µl DMSO (Sigma, 67685) and absorbance was read at 570 nm using a Quant Universal microplate spectrophotometer.
Transwell migration and invasion assay
Cell migration and invasion ability was evaluated by a Transwell assay, as described previously. Briefly, 6×10 5 H8 and End1/E6E7 cells in 200 μl of serum-free medium were cultured in a chamber containing an 8-μm polycarbonate filter (Millipore, USA) coated with 30 μl of Matrigel (BD) for the invasion assay. After incubating for 48 h, cells remaining on the upper membrane were removed with a cotton swab and cells that had penetrated the membrane were fixed with 4% formaldehyde and then stained with 0.5% crystal violet for 30 min. The cells were then photographed and quantified in 5 random fields.
Immunofluorescence staining (IF)
Cells transfected with the indicated plasmids before IF assay. Forty-eight hours later, the cells were washed with 1×PBS, fixed in 4% paraformaldehyde for 30 min and blocked with 10% donkey serum (Beyotime Institute of Biotechnology; Nanjing, China) for 30 min at room temperature. The primary antibody against p65 was incubated overnight at 4°C. The fluorescein isothiocyanate (FITC)-conjugated secondary antibody was added and incubated for 2 h, followed by incubation with DAPI. Fluorescence images were captured using a confocal microscope.
Western blot analysis
Cells and tissues were lysed using the Protein Extraction kit (Wanlei Biotechnology, Beijing, China). The proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PDVF) membranes. The membranes were blocked with skimmed milk (5%, w/v). The membranes were probed with anti-E-cadherin ( , and anti-GAPDH (1: 3000; Abcam) antibodies overnight at 4˚C. The membranes were washed with TBST and incubated with horseradish peroxidase-conjugated secondary antibody for 2 h and the immunocomplexes were then visualized using a New Super ECL Detection Kit (KeyGEN BioTECH, China) according to the manufacturer's protocol.
Statistical analysis
All analyses were performed using GraphPad Prism 5.0. Continuous data are presented as the means of 3 independent 4096 experiments ± standard error of the mean, and analyzed using the t test. Differences were considered statistically significant at two-sided P<0.05.
Results
NUS1 expression was upregulated in IUAs tissues
To examine the levels of NUS1 in IUAs, RT-qPCR assay was performed. The results indicated a significant increase in the expression of NUS1 in 25 pairs of IUAs tissues compared with the adjacent non-IUAs tissues ( Figure 1A ). In addition, Western blot assay showed that an increasing expression of NUS1 protein in IUAs tissues than that in the adjacent non-IUAs tissues ( Figure 1B ). We performed IHC staining to determine NUS1 protein level and location in IUAs patient and the normal control samples. Our IHC data revealed that the NUS1 protein expression in the IUAs samples was strongly expressed and mainly located in the cytoplasm ( Figure 1C ). As shown in Figure 1D , HE staining of the uteruses revealed abnormal morphology in the IUAs group. The endometrial structure was irregular, with increased numbers of fibroblasts ( Figure 1D ).
NUS1 overexpression promoted cell proliferation and EMT process
To explore the molecular mechanism of NUS1 in IUAs, loss-offunction or gain-of-function assays were performed to identify whether NUS1 can regulate cervical cell phenotype in H8 and End1/E6E7 cells (Figure 2A, 2B ). MTT assay revealed that ectopically expressing NUS1 in H8 and End1/E6E7 cells markedly enhanced their viability, and shR-NUS1 transfection inhibited cell viability in H8 and End1/E6E7 cells ( Figure 2C ). Colony formation assay showed that NUS1 overexpression in H8 and End1/E6E7 cells resulted in a significant increase in cell proliferation, and knockdown of NUS1 in H8 and End1/E6E7 cells inhibited cell proliferation ( Figure 2D ). Flow cytometry assay showed a significant decrease in the percentage of cells in G1 phase and an increase in the percentage of cells in S and G2 phases in H8 and End1/E6E7 cells transfected with the pNUS1. We also found a decrease in the percentage of cells in G1 phase and an increase in the percentage of cells in S and G2 phase in H8 and End1/E6E7 cells transfected with shR-NUS1 ( Figure 2E ). Apoptosis assay showed that NUS1 overexpression decreased the percentage of apoptotic cells in H8 and End1/E6E7 cells, while inhibition of NUS1 caused a significant increase the percentage of apoptotic cells in H8 and End1/E6E7 cells ( Figure 2F ). Transwell migration and invasion assays showed the increased migration and invasion abilities after NUS1 overexpression in H8 and End1/E6E7 cells, and we found decreased migration and invasion abilities by knockdown of NUS1 in H8 and End1/E6E7 cells ( Figure 2G, 2H ). As shown in Figure 2I , the epithelial cell marker E-cadherin was significantly decreased, while the mesenchymal cell marker vimentin was significantly increased by NUS1 overexpression, and the opposite effects were observed in the inhibition of NUS1 in H8 and End1/E6E7 cells ( Figure 2I ).
NUS1 was directly targeted by miR-466
We performed bioinformatics analysis to predict the targeted miRNAs on NUS1 using microRNA.org and TargetScan ( Figure 3A) . We first constructed the 3'UTR and 3'UTR mut reporter vectors of NUS1, as indicated in Figure 3B ( Figure 3B ). Then, we constructed the overexpression and knockdown vectors of miR-466 and validated its efficiencies in H8 and End1/E6E7 cells ( Figure 3C ). Co-transfection with miR-466 and the NUS1 3'UTR reporter significantly decreased EGFP intensities, while we found increased EGFP intensities by cotransfection with ASO-miR-466 and the NUS1 3'UTR reporter. However, after co-transfection pri-miR-466 or ASO-miR-466 with the mutated 3'UTR reporter, the EGFP intensities were unchanged ( Figure 3D, 3E ). As shown in Figure 3F and 3G, the mRNA and protein levels of NUS1 were significantly reduced by transfection miR-466 expression vector compared with the empty vector control in H8 and End1/E6E7 cells ( Figure 3F , 3G). MTT analysis and colony formation analysis showed that miR-466 inhibited the cell growth in H8 and End1/E6E7 cells, presented as decreased MTT OD570 value and decreased colony formation rate, respectively. However, NUS1 overexpression reversed the decreased growth effects induced by miR-466 ( Figure 4A, 4B) . Transwell assay showed that miR-466 inhibited cell migration and invasion in H8 and End1/E6E7 cells.
In contrast, after co-transfection with pri-miR-466 and NUS1, the migration and invasion abilities were neutralized by the addition of miR-466 in H8 and End1/E6E7 cells ( Figure 4C, 4D ).
To provide direct evidence of the role of miR-466 and NUS1 in regulating pathogenesis of IUAs, we established an intrauterine adhesion rat model using LPS, as detailed previously [7] . As shown in Figure 4E , IHC staining of the uteruses revealed the low expression of NUS1 in the miR-466-treated group compared with the control group in the modeling IUAs. Co-treatment with pri-miR-466 and NUS1 neutralized the NUS1 expression (but this was not found in the miR-466-treated group) in the modeling IUAs ( Figure 4E ). We performed Western blot assay and found that the modeling IUAs from the miR-466 group had increased E-cadherin expression and decreased vimentin expression compared with the control group ( Figure 4F ).
miR-466 inhibited the AKT/NFkB pathway through NUS1
To determine whether miR-466 regulates the AKT/NFkB signaling pathway, the expression levels of AKT/NFkB-associated genes and the activity of NFkB were analyzed. We found that miR-466 inactivated the AKT/NF-kB pathway, as indicated by the inhibited expressions of the phosphorylated form of AKT, IKKa, and p65, but with no changes in the total expressions of AKT, IKKa, and p65 ( Figure 5A ). In addition, IF assay showed that the nuclear distribution of p65 in End1/E6E7 cell was decreased in pri-miR-466-transfected cells and rescued by pNUS1 transfection in miR-466-overexpressing cells ( Figure 5B ). Reporter analyses showed significantly decreased NFkB luciferase activities after miR-466 treatment, but not after treatment with the combination of miR-466 and NUS1 in End1/E6E7 cells ( Figure 5C ).
Discussion
IUAs is one of the most common reproductive system diseases in women worldwide [20] . Understanding the causes and related molecular mechanisms of intrauterine adhesions is essential for the prevention and treatment of Asherman syndrome. Emerging evidence has demonstrated that the upregulation or downregulation of genes plays an important role in IUAs. For example, Xiao et al. reported that the expression of SOX2, NANOG, and OCT4 was upregulated in a mouse model of LPS-induced acute uterine injury [7] . In addition, the upregulation of CXCL12 promoted stem cell recruitment and uterine repair after injury in IUAs [8] . Salma et al. also suggested that TGF-b1/Smad3/smad7 was a major pathway which plays an important role in the regulation of the IUAs, and specific inhibitor of Smad3 (SIS3) may provide a new therapeutic strategy for IUAs [21] . In the present study, we found that NUS1 was upregulated in IUAs patients. Upregulation of NUS1 promoted cell proliferation, migration, and invasion in vitro and in vivo, accelerated the cell cycle process, and inhibited cell apoptosis in H8 and End1/E6E7 cells. Furthermore, we found that NUS1 was directly targeted by miR-466 in H8 and End1/E6E7 cells.
Recently, Dong et al. reported that NUS1 activated the AKT pathway and thus increased the resistance of human hepatocellular cancer cells to 5-FU [22] . Wang et al. reported that NFkB is a novel pathogenesis factor of Asherman syndrome and provided new insights into the prevention and treatment 
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of intrauterine adhesions in Asherman syndrome patients [23] . The NFkB transcription factor promotes the expression of intrauterine adhesion inflammatory factors and plays a central role in inflammatory diseases [24, 25] . In this study, we found that miR-466 inactivates AKT/NFkB pathway by regulating NUS1 in H8 and End1/E6E7 cells and then affects the IUAs process. 
Conclusions
The present study results establish that miR-466 acts upstream of NUS1 to negatively regulate the AKT/NFkB pathway, ultimately inhibiting IUAs ( Figure 5D ). These results elucidate the mechanism involved in formation of IUAs and may provide new potential therapeutic options for patients with IUAs.
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